Abstract Proper management of soil organic matter (SOM) is needed for maintaining soil fertility and for mitigation of the global increase in atmospheric CO 2 concentrations and should be informed by knowledge about the sources, spatial organisation and stabilisation processes of SOM. Recently, microbial biomass residues (i.e. necromass) have been identified as a significant source of SOM. Here, we propose that cell wall envelopes of bacteria and fungi are stabilised in soil and contribute significantly to small-particulate SOM formation. This hypothesis is based on the mass balance of a soil incubation experiment with 13 C-labelled bacterial cells and on the visualisation of the microbial residues by means of scanning electron microscopy (SEM). At the end of a 224-day incubation, 50% of the biomass-derived C remained in the soil, mainly in the non-living part of SOM (40% of the added biomass C). SEM micrographs only rarely showed intact cells. Instead, organic patchy fragments of 200-500 nm size were abundant and these fragments were associated with all stages of cell envelope decay and fragmentation. Similar fragments, developed on initially clean and sterile in situ microcosms during exposure to groundwater, provide clear evidence for their formation during microbial growth and surface colonisation. Microbial cell envelope fragments thus contribute significantly to SOM formation. This origin and the related macromolecular architecture of SOM are consistent with most observations on SOM, including the abundance of microbial-derived biomarkers, the low C/N ratio, the water repellency and the stabilisation of biomolecules, which in theory should be easily degradable.
Introduction
Non-living soil organic matter (SOM) is the largest pool of terrestrial organic C in the biosphere (Jobbágy and Jackson 2000) and interacts directly with the atmosphere. Changes in SOM stocks will therefore affect atmospheric CO 2 concentrations (Bellamy et al. 2005) . SOM enhances soil fertility and therefore increases net primary production and photosynthetic CO 2 fixation by plants. SOM is thus one of the key factors controlling the CO 2 concentration in the atmosphere and proper management of this resource can help mitigate global climate change and maintain or even enhance global food security (Lal 2004) . In order to ensure that SOM remains a reliable sink for atmospheric CO 2 , concepts for sustainable C sequestration in SOM are needed. These concepts can only be developed based on a proper understanding of the genesis and the macromolecular architecture of SOM. An important factor for SOM stabilisation and turnover is its chemical structure. However, this structure is complex and has not yet been sufficiently elucidated; hence, it is practically impossible to predict how this huge pool of sequestered C interacts with other soil constituents and how it will respond to future climatic changes (Kelleher and Simpson 2006) .
Nevertheless, it is obvious that the direct precursor material of SOM determines its chemical composition. Although most soil C ultimately derives from plant material (Kögel-Knabner 2002) , a large proportion may pass through microbial biomass before being transformed to SOM. Microbes grow on plant residues and utilise plant-derived C to build their biomass, and after cell death, part of this C is transformed into nonliving SOM Miltner et al. 2009 ). The turnover of microbial biomass in soils has been modelled by an Absorbing Markov Chain approach , which allows the calculation of the relative amounts of living microbial biomass and necromass (i.e. microbial residues after cell death) in soils. The authors selected the model parameters (in particular the probabilities for C to remain in a given compartment or to enter another compartment) based on literature data, and found that, after equilibration with a constant organic matter input, the bacterial necromass was about 40 times as high as the living microbial biomass . Assuming a realistic estimate for microbial C in soil (2% of the SOM), this suggests that 80% of the soil organic C may be derived from microbial biomass .
A high contribution of microbial material is also indicated by various data showing the accumulation of microbial-derived moieties with increasing soil depth and SOM age (e.g. fatty acids typical of bacterial cell membranes [Lichtfouse et al. 1995] or amino sugars [Guggenberger et al. 1999] ) as well as by NMR data demonstrating the similarity of SOM spectra with those of microbial biomass (Simpson et al. 2007a) . Only a minor part of the amino sugars found in soil are bound in microbial biomass (Glaser et al. 2004) . Microbial proteins have also been reported to be very stable in soils (Fan et al. 2004) . These compounds are stabilised by interactions with mineral soil particles or by entrapment into more recalcitrant organic material (von Lützow et al. 2008) .
The extent of physical stabilisation of microbial necromass depends on the spatial arrangement of the soil matrix, the C flux through microbial biomass, and the molecular structure of microbial residues. However, until recently, investigations of the spatial arrangement of SOM have been restricted to simple qualitative expressions of the physical heterogeneity, which fail to relate the soil physical structure to any specific function (Young and Crawford 2004) . The authors proposed that the soil-microbe system is self-organised: the physical structure of the soil determines the environmental conditions for the soil microorganisms, but microbial activity also affects soil structure. However, conceptual models of this self-arrangement are not available yet. In this article, we review some emerging ideas in this field and provide a refined new view for the contribution of microbial necromass to the formation of SOM.
Both soil microbial and enzymatic activities clearly depend on soil physical structure. Good examples are that: the distribution of enzymatic activity on physically separated soil fractions differs for different enzymes (Allison and Jastrow 2006; Kandeler et al. 1999; Stemmer et al. 1998) ; fungi utilise 13 C-labelled plant residues most actively in the microaggregate fraction, as demonstrated by means of PLFA-SIP (Kong et al. 2011) ; and microbes at aggregate surfaces react differently to environmental stresses than those in the aggregate interior (Ranjard et al. 1997) . Conversely, fungi contribute significantly to the formation and stabilisation of macroaggregates by connecting soil particles with their hyphae and by a number of fungal extracellular components (Six et al. 2006) . Fungal and bacterial residues thus play an important role for soil structure.
The proposed view of SOM formation
In the following sections, we develop a new conceptual model demonstrating that particulate residues of microbial cell envelope material are a predominant source for microbial-derived SOM. This model is based on our own and others' recent data, showing that microbial cell walls have a unique chemical structure and capacity for protection and stabilisation on soil mineral surfaces. For example, Sollins et al. (1996) compared the mineralisation of whole cells, cell walls and cytoplasm, both alone and in complexes with artificial model humic acids (polymers prepared from hydroxybenzoic acids and from hydroxytoluenes plus phenols) or their aromatic precursors. They found that cell walls were generally more stable than the cytoplasm, and that polymers were significantly more stable than the constituting monomers. In all cases, the entrapment into the artificial model humic acid inhibited the mineralisation significantly (Sollins et al. 1996) . Cell wall material thus may contribute much more to stabilised microbial residues than the cytosol: it is insoluble and provides building blocks which consist of a range of organic compounds assembled in a structure similar to that postulated for SOM (Kleber et al. 2007 ). The assembly of cell wall structural compounds even protects internal components, for example proteins, from degradation, by physical isolation.
The proposed mechanism for the stabilisation of this material, which we call ''PATCHY FRAGMENT FORMATION CYCLE'' is schematised in Fig. 1: (1) Plant residues entering the soil support the growth and reproduction of soil microbial communities. (2) Over time, substrates become limiting, and the bacteria begin to starve. With continued starvation, the cells eventually will not be able to meet the basic energy and carbon requirements for maintenance of their cell structure, and thus will die. (3) Their biomass disintegrates into fragments. Most of the cytosol is released and sorbed to any kind of surface, resulting in a homogeneous coating. (4) In contrast, the flat cell wall fragments of relatively uniform size remain as particulate necromass in the soil, either isolated or attached to mineral surfaces, and form a substantial part of the SOM. (5) Eventually, the fragments are used by bacteria as their substrate, and a new round of the fragment formation cycle begins.
Decades ago, some authors postulated a microbial origin of particulate soil organic materials \0.2 lm: this ''glue'' was thought to be excreted by bacteria mainly as polysaccharides and to be responsible for the aggregation of clay particles (Tisdall and Oades 1982) . However, it was never considered to be direct debris of bacteria, such as cell wall fragments, although certain protein-specific staining properties already supported this assumption (Foster 1988) . Cell envelope fragmentation was considered only with respect to fungal hyphae (Tisdall and Oades 1982) .
We tested the general hypothesis that microbial cell wall components contribute significantly to SOM by leveraging a recent incubation experiment, where 13 Clabelled bacterial cells were incubated in an agricultural soil and the fate of the 13 C label of bacterial biomass in soil was traced by isotopic analysis. Here, we provide a summary of the mass balance data from this experiment. In order to directly examine the emerging idea that cell envelopes persist in soil, we visualised the contribution of microbial cell wall fragments and associated residues in samples from this experiment by means of scanning electron microscopy (SEM). In order to provide evidence for the microbial origin of these fragments, we also visualised growing microbial cells and the formation of cell wall fragments in defined systems (groundwater in situ microcosms) which were devoid of any biotic molecules before microbial colonisation. With these data we could confirm that bacterial growth is accompanied by fragmentation of cells dying during colonisation of surfaces. Further, this patchy material of known microbial origin visualised in the microcosms appears 
SOM dynamic interface formation
patchy fragments on mineral surfaces Fig. 1 The cycle of patchy fragment formation from microbial necromass. Bacteria grow on plant biomass, die and lyse. The cell fragments interact with soil minerals and form patchy fragments (visible on SEM micrographs) which are stabilised, but can be used by other bacteria as a C source in addition to plant residues identical to the patches we found at high abundance in the soil SEM micrographs. We therefore conclude that in both cases the fragments had a similar microbial genesis. This provides an improved conceptual understanding of the genesis of SOM, with potential impacts on C mineralisation and balances and presumably on future soil management strategies.
Data from soil and groundwater samples
Soil samples
In order to study the incorporation of the C derived from microbial biomass into non-living SOM, we used samples from an earlier laboratory incubation experiment. In this experiment, an agricultural reference soil was incubated with 13 C-labelled Gram-negative model bacteria (Escherichia coli), which served as a defined source of dying biomass in this system (for details, see Kindler et al. 2006) . The soil material (Ah) was collected from a Haplic Phaeozem cropped with rye from Halle, Germany.
13 C-labelled E. coli (1.3 9 10 8 cells per g soil dw) were added, representing an initial amount of 36 lg 13 C g -1 soil, which corresponded to about 26% of the natural microbial biomass C. The mixtures were incubated at 20°C with a water content of 60% of WHC max for up to 224 days. For this study, the data from previous publications on separate aspects of C turnover in this experiment Kindler et al. 2009; Lueders et al. 2006; Miltner et al. 2009 ) were re-examined and combined in order to develop an integrated conceptual framework of C turnover.
Microbial C turnover in soil
In summary, the 13 C-labelled bacterial cells died rapidly during incubation in soil , since E. coli is not adapted to survive in the soil environment. Only 56% of the labelled bulk biomass C was mineralised whereas 44% remained in the soil after 224 days of incubation . Analyses of phospholipid fatty acids (PLFA) and protein amino acids, as well as molecular analyses of the biomass-consuming microbial communities, showed that part of the C remaining in the soil was bound in microbial biomass, but not within the parent E. coli cells Lueders et al. 2006; Miltner et al. 2009 ). The data on the fatty acids and protein amino acids in the total versus the microbial biomass pools indicated that the majority of these compounds were incorporated into non-living SOM. In the unamended soil, only 30% of the total fatty acids were PLFA, and only 20% of the total amino acids were bound in the microbial biomass. During incubation of soil amended with E. coli cells, the percentages in the biomass fraction decreased, pointing to a continuous C flux of E. coli-derived C from the microbial biomass to the non-living SOM pool. At the end of the incubation, the 13 C-labelled microbial protein amino acids declined to 25% of those added initially with the labelled cells, whereas the labelled total protein amino acids remained more or less constant ). This means that 25% of the amount added initially was cycled in the microbial food web and the remaining 75% was converted to non-living SOM.
The results are more complex for the fatty acids: the label in the total fatty acids declined to 24% of its initial value, whereas the phospholipid fatty acids, which represent the fatty acid pool in the living microbial biomass, declined to 11% of the fatty acids added initially with the bacterial biomass ). The difference (i.e. 13%) was transformed to non-living SOM ). Fatty acids were thus turned over much more rapidly than the bulk biomass C, whereas proteins were turned over much more slowly. The analysis of the bulk C flux therefore does not allow any conclusions about the turnover of specific macromolecules.
If we consider the relative abundance of fatty acids and amino acids in microbial biomass, we can estimate how much of the microbial biomass C has been stabilised in SOM. Proteins account for about 50% of the microbial biomass. The 75% of this C which has been transformed into non-living SOM therefore represents 37.5% of the initial microbial biomass C. Similarly, considering a 10% contribution of fatty acids to the microbial biomass, the 13% of fatty acids finally detected in the non-living SOM represent 1.3% of the initial microbial biomass C. Overall, the data suggest that about 40% of the microbial biomass C, mainly proteinaceous compounds, was stabilised in SOM.
In summary, the C introduced as microbial biomass was distributed among mineralisation, incorporation into other microorganisms and stabilisation in nonliving SOM. We have to consider that every turnover of microbial biomass will yield each of these fractions. The data published by Kindler et al. (2009) indicate three of these microbial feeding cycles with increasing duration during the 224 days of this experiment. The following processes contribute to the C flux from microbial biomass to non-living SOM ( Fig. 2) : (1) The cells die and the labelled C from the biomass introduced into the soil is rapidly degraded during the initial phase of incubation. (2) Micropredators and bacteria growing on biomacromolecules partly convert them to CO 2 and newly synthesised microbial biomass while always leaving some compounds unaltered and transforming others into non-living SOM. (3) The biomass which is synthesised during this process is then again turned over in a similar way until finally only a small amount (10% of the initial amount) is left in living but starving microbial biomass, which continuously produces low amounts of CO 2 .
In summary, we can conclude that bacteria contribute to the formation of refractory soil organic matter more than previously considered, because about 50% of the biomass C remains in the soil after cell death, and the majority of this material (40% of the total initial amount of labelled microbial biomass C) is found in the non-living SOM. We performed additional analyses in order to visualise these biomassrelated residues and to elucidate the stabilisation mechanisms for microbial biomass residues in soils.
Visualisation of microbial residues in soil
We examined lyophilised samples from the biomass turnover experiment described above ) by means of scanning electron microscopy (SEM, details on sample preparation and instrument settings can be found in Online Resource 1). As for other soil samples for which SEM micrographs have been published (Chenu and Stotzky 2002) , the SEM micrographs only very rarely showed intact cells. This was as expected, because, due to the high specific surface area of soils, the fraction of the surface area covered by the microbes is less than 1% (Chenu and Stotzky 2002) , in spite of the high abundance of living microorganisms in soil. Therefore, spotting a native bacterium on a soil surface by means of SEM is a rare event, particularly in stored soil samples.
A typical view of most regions in the samples is presented in Fig. 3a . Figure 3b shows the only intact cell envelope we found in this sample series. Occasionally, we found fragmented cells or cell envelopes (Fig. 3c, d) . However, what actually dominated the micrographs are mineral surfaces covered all over by patchy material of 100-600 nm size ( Fig. 3a-d) . In some places, stacks of this patchy material are located close to broken cell envelopes (Fig. 3d) . This spatial arrangement suggests that the patchy fragments originated from broken cell envelopes. Energy-dispersive X-ray analysis revealed that the patchy material was enriched in C (Fig. 4) . This is in line with a biogenic, possibly microbial, origin of the patchy material, which is further supported by SEM micrographs from groundwater microcosms (see below) and from bacterial pure cultures (see Online Resource 2). However, C could also be detected on apparently bare mineral surfaces, pointing to a more or less homogeneous, thin organic coating on the mineral surfaces. Conversely, all C-enriched areas also had contributions from Si, which points to silification of dead biomass.
These SEM images show the sub-micrometer-scale distribution of organic material in soil, which is presumably derived from microbial biomass. These results are similar to those of an earlier study on the interactions of organic matter with minerals: SEM microscopy coupled to EDX analysis displayed regions with different levels of C content (Kaiser et al. 2002) . A detailed inspection of the SEM micrographs in that study shows a high abundance of structures similar to our patchy fragments in regions with high C contents, whereas such structures are absent or rare in regions with lower C contents, supporting our finding that the patchy fragments consist of organic cell-wall-derived material. A Clabelled Gram-negative bacterial biomass introduced into soil of the long-term agricultural experiment ''Ewiger Roggenbau'' (Martin-Luther-University, Halle, Germany) microbial origin of the patchy material is also consistent with the presence of carbohydrate-filled voids between clay minerals, which have been observed in transmission-electron micrographs (Foster 1981 ).
Visualisation of microbial colonisation and residues in groundwater microcosms As a reference system for colonisation of porous systems with known microbial origin of all organic material, we investigated in situ microcosms for groundwater experiments. The system consisted of perforated stainless steel cages filled with 2.5 g BioSep Ò beads as colonisation material. Before the in situ microcosms were assembled, the beads were heated to 300°C for 4 h to remove all organic residues including biomolecules (Fig. 5a, b) , therefore all structures found on the beads could actually be attributed to the growing microbes colonising the surfaces of the bead material during groundwater exposure. The detailed description of the system can be found elsewhere (Geyer et al. 2005; Kästner et al. 2006; Bombach et al. 2010) . The in situ microcosms were then exposed in a BTEX-contaminated aquifer located in the area of a former hydrogenation plant in Zeitz, Saxony-Anhalt, Germany, in order to enrich indigenous bacteria for the analyses of microbial communities. The Bio-Sep Ò beads were examined by means of SEM after critical-point drying (for details of the sample preparation see Online Resource 1).
Representative SEM micrographs of the biofilms developed on the beads after exposure showed extensive colonisation of the beads by highly diverse groundwater bacteria (Fig. 5c, d) . Most of the cells were intact, but we also observed all stages of decay from intact cells and colonies via empty bacterial cell envelopes to cell fragments (Fig. 5d, e, f) . In particular, patchy material of a size similar to that found in the soil samples was also present on the beads (Fig. 5e,  f) . Many of the cell envelope fragments had a size of *300 to 500 nm, which may indicate weak zones in the cell envelopes, which break first, or a lower size limit of the fragments due to geometrical constraints related to mechanical forces. The patchy cell wall fragments were mostly embedded within a filamentous structure which is formed from extracellular polymeric substances (EPS) during sample preparation by critical-point drying. As the EPS matrix is only We also found similar fragments in pure cultures of E. coli cells (see Online Resource 2). In addition, the fragments can also attach to each other, creating piles of flat material (e.g. Fig. 5f ).
The structure of SOM Despite the enormous efforts which have been made to elucidate the actual chemical structure of soil organic matter or humic substances, a lot of uncertainty still remains. This is partly related to the heterogeneity of soil properties and processes as well as of the structure of the input material. For a long time, SOM has been considered to consist of highly aromatic, macromolecular humic substances which were separated according to their solubility in dilute acid or base. Since the extracted fractions are still complex in their composition, these are operationally defined fractions rather than chemically defined categories (Simpson et al. 2007a ). Consequently, this concept could not contribute to the development of any conclusive model of the genesis and molecular architecture of humic substances and soil organic matter.
Initially, the abiotic condensation models of SOM assumed that plant residues are just degraded by soil bacteria and fungi to low-molecular-weight compounds, which are then polymerised abiotically (Flaig 1975; Flaig et al. 1975) . The proceeding humification results in increasing molecular weights and thus fulvic acids are considered to be formed first, followed by humic acids and finally humin. In the last few decades, humic substances have been reported to consist of aggregates or micelles of rather low-molecularweight compounds rather than being polydisperse, high-molecular-weight molecules (von Wandruszka 1998; Wershaw 1993 Wershaw , 1999 . Such aggregations are also supported by more recent research, which suggests that humic acids are composed of supramolecular associations of smaller molecules (Cozzolino et al. 2001 ) rather than being high-molecular-weight compounds. According to this concept, humic substances are considered to be aggregates of a wide range of organic compounds with highly different origins. Heteronuclear single quantum coherence (HSQC) spectra of reference peat materials provided by the International Humic Substances Society (IHSS) are very similar to an overlay of spectra from biopolymers such as lignin, amylopectin, albumin, and cuticle material: they do not indicate that new compound classes are formed (Kelleher and Simpson 2006) . These data suggest an aggregation of virtually unaltered biomass-derived organic compounds. However, the molecular architecture of these aggregates has not yet been elucidated. In the late 1990s, the research focus shifted to the study of C pools and their transformation in soils with Ò beads of the in situ microcosms: a cross-section of a non-exposed bead, b inner surface of a non-exposed bead, c colonised bead surface after exposure to an aquifer, showing microbial diversity with native cells of various morphotypes, d native cells, empty cell envelopes and fragments of cell envelopes (sample preparation by critical-point drying leads to spider-web-like aggregates of the extracellular polymeric substances [EPS] ), e patchy organic material from microbial cell envelopes embedded in the matrix of the EPS, f piles of flat patchy fragments particular focus on stabilisation mechanisms for SOM. A conceptual model describing a variety of factors for stabilisation and destabilisation of SOM has been developed by Sollins et al. (1996) . These factors include microbial, plant, and animal activities as well as abiotic factors such as soil solution chemistry and its effects on sorption/desorption and precipitation/ dissolution of organic compounds in soils. Many soil processes affect more than one of these factors, resulting in a complex network of interactions. Sometimes the same process may have both stabilising and destabilising components, and it is difficult to predict the net effect of a given change in environmental conditions on SOM turnover. Based on isotopic shifts of pyrolysis products of soil after conversion of an agricultural soil from C 3 (wheat) to C 4 (maize) vegetation, turnover times of a range of organic compounds have been estimated to range from 9 to more than 220 years (Gleixner et al. 1999) . Interestingly, pyrolysis products derived from lignin belonged to the most labile pool of SOM, whereas protein pyrolysis products were found in the most stable pool. This contrasts with the generally accepted view that lignin is much more resistant to degradation than proteins. Similar results have been reported in studies focussing on carbon-depleted soils (Kiem and Kögel-Knabner 2003; Kögel-Knabner 2002) . In these soils, lignin was more depleted than bulk SOM, indicating that lignin can be assigned to the relatively labile pool of SOM. A modelling approach for lignin turnover indicated that more than 90% of the lignin is metabolized within the first year, and only less than 10% becomes stabilised by interaction with the soil matrix (Rasse et al. 2006) . Lignin, which is regarded as relatively recalcitrant against microbial decay, is therefore not very stable in soil, and other stabilisation mechanisms seem to be active (von Lützow et al. 2008) . Although selective preservation of recalcitrant compounds has been considered one of the most important SOM stabilisation processes (von Lützow et al. 2008) , recent data and conceptual models suggest that virtually all natural organic compounds are degradable and that primary recalcitrance does not play an important long-term role in C stabilisation ). However, organic materials can gain secondary recalcitrance by interaction with other compounds or during transformation in soils (von Lützow et al. 2008) . Even more important is the spatial inaccessibility of part of the organic matter. Compounds may be inaccessible because they are occluded in minerals, intercalated in the interlayers of phyllosilicates, surrounded by hydrophobic domains or encapsulated in organic macromolecules. Other important mechanisms for stabilisation of SOM include the interactions with mineral surfaces and metal ions which can occur via ligand exchange, polyvalent cation bridges or weak interactions (von Lützow et al. 2008) . Therefore, SOM stability is strongly influenced by its association with minerals and occlusion in aggregates (Six et al. 2000; Tisdall and Oades 1982) .
Molecular origin of C sources for SOM
Although C sequestration and turnover urgently need to be controlled, the present models for SOM genesis can only explain the general processes involved in SOM formation and transformation, whereas the exact origin of the C in SOM has not yet been elucidated in detail. Generally, most models of SOM genesis overemphasise the constituents of plant residues and their degradation products as the molecular sources for SOM Neff 2008, Liang et al. 2010) . Soil microorganisms are just regarded as catalysts for plant residue transformation. However, these organisms utilise the plant material as C source, they therefore transform it to CO 2 , metabolites, and biomass. Once the microorganisms die, their necromass is partly converted to SOM by the surviving microorganisms. Both fungal and bacterial necromass can be stabilised in soil; in most cases the contribution of fungi is higher than that of bacteria (Six et al. 2006) . Although plant C is the primary source of SOM C, after these transformations microbial biomass constituents provide the molecular origin and ''fingerprint'' for SOM formation. A conceptual model describing the general molecular sequences of plant residue degradation via microbial biomass has been proposed by .
Microbial biomass is considered to be turned over much faster than plant residues (Kästner 2000; Schink 1999 ) and therefore, the microbe-derived C input to SOM formation may be much higher than might be expected from its small pool size. The extent of this potential contribution has been demonstrated recently by an NMR study which showed that more than 50% of the extractable humic substance fraction originates from intact and degraded microbial biomass in some soils (Simpson et al. 2007a) . In this study, 1D
1 H NMR and diffusion-edited NMR spectra of humic acid from a brown Chernozem soil (Ah horizon) and extracted microbial biomass from the same soil were nearly identical. They were even similar to those of cultured microbial biomass and to bovine serum, again indicating a high microbial, mainly proteinaceous, contribution to SOM. This is in line with the mass balance of the incubation experiment described above, where about 40% of microbial biomass C residues remained in non-living SOM after cell death Miltner et al. 2009 ). Microbial residues thus contribute significantly to SOM formation.
The contribution of microbial biomass, in particular from the cell envelopes, also explains the high abundance of microbial biomarkers, e.g. bacterial fatty acids from cell membranes (Lichtfouse et al. 1995) or amino sugars (Guggenberger et al. 1999 ) in soils. Microbially-derived amino sugars have been shown to be enriched mainly in microaggregates within macroaggregates of no-till soils, compared to conventional till soils (Simpson et al. 2004 ). The total content of microbe-derived compounds in soil clearly exceeds the contribution of the living microbial biomass. For example, only 15-20% of the total fatty acids in soil can be assigned to the phospholipid fatty acids (PLFA) which only occur in intact living microbial cells (Drenovsky et al. 2004; Kindler et al. 2009 ). The bulk of the microbe-derived soil fatty acid content is therefore bound in non-living SOM. The same is true for amino sugars (Glaser et al. 2004 ). This again supports the concept of a predominantly microbial origin of non-living SOM and explains the fact that microbial biomass-derived chemical structures such as proteins, amino acids, or fatty acids are stabilised in soil for long periods of time.
Looking at the stabilisation of microbial compounds in soil, we have to keep in mind that, when entering the soil, they are embedded in complex structures. This strongly influences the fate of these compounds in soil. Chemically labile components may be surrounded by more stable compounds which protect them from biodegradation; they only become available to the degrading microorganisms after the more stable compounds have been removed. In addition, most of the microbial biomass consists of macromolecules which are generally more stable than the corresponding monomers (Sollins et al. 1996; von Lützow et al. 2006) . For example, dissimilar results exist for the turnover of free amino acids in comparison to peptides in soils. Free amino acids have very short turnover times in the range of hours (Jones 1999) . This is to be expected because they are easily degradable and they can serve as an N source or as building blocks for microbial proteins. In contrast, peptides seem to be relatively stable in soil and therefore persist for extended periods of time (Fan et al. 2004; Kelleher and Simpson 2006; Knicker et al. 1993; Kögel-Knabner 2002) . This stability may be caused by encapsulation in hydrophobic domains and interactions with negatively charged functional groups in soil, in particular with clay (Fan et al. 2004) or with humic substances (data compiled by Sollins et al. 1996) . Proteins are also particularly prone to stabilisation by soil surfaces because they can directly interact with minerals and form the base layer for a suite of hydrophobic and hydrophilic layers around a particle (Kleber et al. 2007 ).
Implications for C stabilisation and formation of SOM
As a result of these stabilisation mechanisms, we found cell-wall-derived patchy fragments of around 500 nm size everywhere in our soil samples. Similar fragments have also been observed in other studies (Brodowski et al. 2005; Kaiser et al. 2002) , but they have never been discussed before. The fragments are particularly abundant in the vicinity of intact or fragmented cells (Fig. 3b, d ). This suggests that these fragments derive from fragmented cell envelopes of dead microorganisms in all stages of decay. The cell walls of Gram-positive and Gram-negative bacteria differ slightly from each other, but both are built in a layered manner from murein (a polymer of amino sugars and amino acids) as the cell stabilisation polymer network, coated by (membrane) lipids and lipopolysaccharides with embedded proteins (Madigan and Martinko 2006) . The biomacromolecular architecture of microbial biomass cell envelope fragments is highly similar to the proposed model structure for SOM, which is based on the assumption that organic matter associated with mineral surfaces selfassembles to layers containing compounds with different physicochemical properties in order to minimise entropy (Kleber et al. 2007) . For example, the cell envelope material already contains lipid double layers associated with carbohydrates and proteins. These structures are an important part of the zone of hydrophobic interactions in this model.
Our concept of SOM genesis from bacterial cell wall fragments provides a mechanistic understanding for the persistence of labelled C from microbial biomass in soil after cell death, and suggests that much of the particulate SOM is derived from dead bacterial cells. This conceptual model is also able to explain a number of phenomena and SOM properties, including:
-The high abundance of sub-micrometre-structures related to microorganisms found in soil (Foster 1988; reviewed by Tisdall and Oades 1982) . These structures include fragments of hyphae, cells, cell wall fragments, and extracellular polysaccharides (perhaps from EPS). -The efficient stabilisation of easily degradable microbe-derived compounds in soil. This has been demonstrated for peptides (Fan et al. 2004) , for polysaccharides (Kiem and Kögel-Knabner 2003; Kögel-Knabner 2002) and for biomass-derived compounds in general (Simpson et al. 2007a ). The molecular architecture of cell envelopes inhibits the fast degradation of the easily degradable constituents (proteins, sugars, lipids) because, after interaction with the mineral surface, these constituents are no longer accessible to the soil microflora (Sollins et al. 1996; von Lützow et al. 2008 ). -The close association of extracellular enzyme activity in soils with particulate SOM (reviewed by Burns 1982) . This activity may originate from enzymes which are located in the microbial cell envelopes. The 'survival' of redox-active, electron-shuttling molecules from the respiration systems in the cell envelopes of the organisms may trigger the electron shuttling effects observed in the microbially mediated biogeochemical cycles of iron and sulphur (for a review, see Kappler and Straub 2005) . -Hydrophobic domains in soil which are responsible for the observed water repellency of soil particles (de Jonge et al. 2009; Graber et al. 2009 ). An important constituent of the cell envelopes are the lipids of the inner and outer cell membranes.
Upon interaction with the soil particles and drying, the cell envelope fragments can realign and turn hydrophobic domains such as the membrane lipids to the surface of the aggregate, resulting in a hydrophobic coating of the soil particles. -The formation of non-extractable residues from pollutants in soil (reviewed by Barriuso et al. 2008 ) and the role of microbial biomass in this process. Non-extractable residues are usually identified in experiments with isotopically labelled pollutants as the portion of the added label which cannot be extracted without modifying the compound or the matrix significantly. However, the exact chemical structure cannot be identified by these methods. Generally, these non-extractable residues are assumed to be either the pollutant or its direct metabolites protected by sorption, entrapment or similar processes. However, alternatively, the label can also be bound in the biomass of microbes using the compound as a substrate and thus incorporating the label (Kästner and Richnow 2001) . According to the suggested concept, their necromass is stabilised in the soil, resulting in the conservation of the label in the soil. For the herbicide 2,4-D, these biogenic residues account for almost all of the non-extractable residues identified by isotope label mass balance (Nowak et al. 2011 ).
The suggested contribution of fragmented microbial biomass to the genesis of SOM is consistent with the low C/N ratios found in the fine particle fraction of soils, which are close to the bacterial C/N ratio of 5-7 (Madigan and Martinko 2006) . It is also in line with NMR spectra for SOM (Kelleher and Simpson 2006; Simpson et al. 2007a, b) , which suggest that SOM mainly consists of an aggregation of biomolecules with a significant contribution of bacterial biomass.
In addition, the suggested perspective on SOM formation has quite a number of implications for our perception of SOM formation and thus for modelling soil C contents and for land management. In particular, we need to consider microbial cell wall material as a significant source of SOM in models. Soil C turnover models should reflect that stabilisation of microbial biomass, an inherently biodegradable material, is much more important than recalcitrance of plant residues. In addition, if microbial residues are a significant source for SOM, enhanced microbial activity supported by degradable substrates results in higher SOM contents as long as the turnover of the microbial biomass is fast enough to outweigh microbial degradation of SOM; the accumulation of microbial markers during litter degradation and humification indicates that this generally holds true. Finally, the quality of the microbial residues and the turnover of the microbial biomass control soil properties much more than the amount and properties of the plant residues entering the soil. The addition of charred organic materials or clays results in higher C contents simply by isolating degradable organic compounds from the organisms by sorption or entrapment processes. The spatial organisation of the organic matter in soils and the full coverage of almost all surfaces with the cell wall fragments also show that, due to the fast turnover of microbial biomass, soils are not a ''garden of living microbes'' but rather a mass cemetery of microbes with some active ones left. In addition, the patchy fragments cover the macrocrystalline mineral surfaces, protecting them from direct contact with other compounds, and provide an additional matrix for sorption of soluble materials with the potential to attach to biomaterials, in particular to proteins.
The patchy cell envelope fragments provide a vast matrix for sorption and sequestration of biomolecules from the cytosol and other chemicals. The direct involvement of microbial cell envelope fragment structures, in particular proteins, as patchy layers on mineral surfaces will also have strong sorptive, chelating, and stabilising effects on metal ions, in particular Fe 2? and Fe 3? in soil. The fragments may even act as incrustation templates, resulting in piles of patchy fragments which in turn contribute to the stabilisation of these materials, in particular those covered by additional layers.
The proposed genesis is in good accordance with older conceptual models of SOM genesis, e.g. the models of micellar structures and assemblies (von Wandruszka 1998; Wershaw 1993 Wershaw , 1999 , and the supramolecular association models (Cozzolino et al. 2001) . However, it contradicts the models of polymerisation of phenolic compounds (Martin and Haider 1971; Stevenson 1994) . The stabilisation of organic material, which theoretically should be easily degradable (microbial biomass residues), is caused by the structural complexity of the biomacromolecular architecture of the biomass together with the spatial inaccessibility due to aggregation of the patchy fragments or to occlusion in soil aggregates as
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Lignin Hemicelluloses . Degradation + size reduction by soil microbes structural contribution by plant debris Fig. 6 Conceptual scheme of the C flow during degradation of plant debris in soil. Although the C is originally derived from plant organic matter, the molecular characteristics of this C are derived from microbial biomass because it is processed by the microbes (LMW cyto. low molecular weight soluble cytosolic compounds, DNA/RNA nucleic acids)
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suggested in a number of previous reviews (e.g. Krull et al. 2003; von Lützow et al. 2008) . The complex architecture of the fragments and the partial inaccessibility of degradable compounds also explain the well-known degradation bursts after rewetting or mixing of soil, since new domains of the organic matter become available for biodegradation with each mixing or rewetting (Lamparter et al. 2009 ). The fragments thus influence the water matrix potential as well as the water holding capacity and water repellency, by changing the surface properties of the soil matrix. When cell wall fragments dry during drying and rewetting cycles driven by climate conditions, these biomaterial aggregates may transfer from rubbery to a glassy status, which may result in a complete non-rewettability of the respective particle. This would provide the simplest explanation for the recalcitrance of theoretically easily degradable compounds in soil.
Conclusions
Based on the presented concept, SOM should not be described in terms of humic substances, which are only operationally defined, but as a complex mixture of plant and microbial residues at various stages of decay present in soil rather than highly aromatic macromolecules formed by a complex sequence of biotic and abiotic transformations. In principle, about 50% of the added and presumably also of the locally grown bacterial biomass was mineralised, and 10% remained in the living microbial food web. The remaining 40% was transformed to non-living SOM. Therefore, the molecular imprint of SOM by molecules and fragments derived from microbial biomass is presumably much more important than previously considered (Fig. 6 ). When bacteria degrade plant residues, they use low-molecular-weight compounds, nucleic acids, lipids, proteins, and carbohydrates from the plant biomass to build their own biomass. If this biomass is then incorporated into non-living SOM, this portion is structurally derived from microbial biomass components even though the C ultimately originates from plant residues. Another part of the plant residues is left relatively unaltered and incorporated into SOM, providing an additional plant-derived molecular imprint. The suggested genesis of SOM with an important contribution from microbial biomass has important implications for our perception of SOM turnover and stabilisation, and thus for SOM management.
